Through the use of acid digestion and a modified distillation procedure the Ru contents in various terrestrial minerals have been determined via the stable isotope dilution mass spectrometry (IDMS) method, with isotopic analysis carried out via inductively coupled plasma mass spectrometry (ICP-MS) and negative thermal ionization mass spectrometry (N-TIMS). The uncertainties in the concentrations ranged from 2.1% to 6.0% (2σ) for ppb and ppm samples concentrations, which is comparable and in some cases better than previous work using NiS fire assay and ICP-MS (Shirai et al., 2003) . However, uncertainties for ppt samples were in around 20%, due to low count rates during analysis.
tively coupled plasma mass spectrometry (ICP-MS) and thermal ionization mass spectrometry, for the detection of negative ions (N-TIMS), have been comparatively used to detect trace amounts of Ru (Yin, 1995; Becker et al., 2002; Chen and Papanastassiou, 2002) . In addition, mass spectrometric analysis has the great advantage of being able to also determine isotopic compositions. Isotopic information of Ru allows us to estimate the abundances of primordial 98 Tc and 99 Tc in the early solar system and the determination of the 100 Mo double beta decay halflife. For the use of mass spectrometry, chemical separation of the element from other elements having isobaric interferences is required prior to isotopic analysis. Figure 1 graphically shows the isobaric interferences of Zr, Mo and Pd on the Ru mass spectra. In our case, the presence of Mo causes a major problem for Ru isotopic studies, because the main isobaric interference on Ru is from Mo isotopes.
In the past, chemical separation of Ru has been preceded by NiS fire assay for sample dissolution (Jackson et al., 1990; Rehkämper and Halliday, 1997) . NiS has been popularly used for processing of Ru, and other platinum group elements (PGE), because it can be used for large sample quantities and is effective in extracting PGE from silicate samples, though fire assay suffers from its cumbersomeness and also special consideration that is needed for samples with high sulphur, nickel, copper or zinc
INTRODUCTION
Elemental abundance of Ru in crustal materials is generally lower than a few ppb, because Ru is a highly siderophile element which is incompatible with silicate melts. Precise determination of the elemental abundance of Ru in cosmo-and geochemical samples is important in order to know the partition condition between silicate and metal, which leads to a better understanding of early chemical evolution processes of the earth and other planets during core segregation. Moreover, isotopic studies of Ru offer many nuclear-physical interests, such as possible application of the 98 Tc-98 Ru and 99 Tc-99 Ru decay systems for early solar system chronology (Becker and Walker, 2003) , and geochemical detection of the 100 Mo-100 Ru double beta decay phenomena (Poths and Rundberg, 1990) .
Instrumental neutron activation analysis (INAA) has been often used in the past as the best method for determination of Ru content in geological samples, because Ru is one of the elements sensitive to INAA. In general, the detection limit of Ru by INAA is between 0.35 to 2.0 ppb (McDonald et al., 1994) . On the other hand, induc- (Jackson et al., 1990) . Acid digestion offers a simpler and less cumbersome means for the effective dissolution of geological samples. We report here a detailed technique for acid dissolution and distillation of ng to a few tens of pg of Ru from geological samples, especially from Mo matrix materials, with the ultimate aim of applying this technique for the refinement of Ru isotopic study.
ANALYTICAL METHOD
Development of the chemical separation procedure was completed on a Ru atomic absorption spectrometry (AAS) standard (5% ammonia solution, Aldrich Co.). Geological samples used in this work consisted of 7 olivine-rich peridotites ((Mg,Fe) 2 SiO 2 ), 2 pentlandites ((Fe,Ni) 9 S 8 ) and 2 molybdenites (MoS 2 ). Five of the peridotite samples came from Japanese peridotites, Oeyama, Kurose, Takashima and Hokkaido, and the reference material JP-1. The remaining two peridotites came from Italian Alps, Italy, and Kimberley, South Africa. The two pentlandite samples came from Kambalda, Australia, and Ontario, Canada. Finally the molybdenite samples obtained both came from Australia, one from Mt. Mulgine in Western Australia and the other from the Osbourne mine in Queensland.
Distillation procedure
For the chemical separation of Ru from geological samples, a distillation method under a highly oxidizing atmosphere was adopted, because it is known that RuO 4 vaporizes at 108°C (Lide, 1999) . In order to sufficiently recover pg amounts of Ru, the volume of the apparatus should be minimised. At first, micro-distillation was applied, as this has been effectively used for the purification of Os isotopes (Birck et al., 1997) , though results showed that a significant amount of Mo is also incorporated into the recovered Ru fraction. We believe that this is due to the slight volatility of Mo and the small volume involved in micro-distillation (~5 ml), which allows vaporized Mo to be collected in the trapping solution. To alleviate this problem we have implemented a more traditional distillation set-up. The basic conception of the distillation consists of the following two points: production of RuO 4 under strongly oxidizing conditions, and trapping of the vaporized RuO 4 under reducing conditions. The chemical procedures were modified from a method developed by Terada et al. (1975) . The initial procedure involved heating a mixture of the sample solution with 15 g of condensed phosphoric acid (CPA) and 1 g of K 2 Cr 2 O 7 in a conical flask. In this environment Ru is oxidized to RuO 4 , which is guided into a trap, containing a 1:1 mixture of HCl and ethanol, with a constant flow of Ar, via a condensation tube equipped with a reflex condenser to remove water vapor from the vaporized mist. Previous work attempting the analyses of Ru in crustal rocks via direct decomposition and distillation in the CPA + K 2 Cr 2 O 7 mixture (Terada et al., 1975) detected no Ru, indicating limitations of CPA for the decomposition of certain geological matrices. Therefore, to successfully apply this distillation, an initial acid digestion step was added, which was essential to help break up the sample matrices prior to distillation.
Prior to treatment of geological samples, we confirmed the following distillation conditions for high recovery of Ru: (1) Comparison of Ru recovery with the CPA + K 2 Cr 2 O 7 mixture and other oxidizing reagents, (2) comparison of Ru recovery from a single and double trapping system and (3) minimum temperature and time required for high recovery of Ru. Firstly, mixtures of HClO 4 + H 3 PO 4 + HCl and H 2 SO 4 + KMnO 4 were tried, in addition to the CPA + K 2 Cr 2 O 7 mixture, using the AAS standard for all three oxidising agents. It was found that even after distilling for up to 3 hours, the mixtures of HClO 4 + H 3 PO 4 + HCl and H 2 SO 4 + KMnO 4 only recovered 40~50% and 10~15% of Ru, respectively, while the CPA + K 2 Cr 2 O 7 mixture showed between 95-100% recovery of Ru. Further distillation was therefore carried out using the CPA + K 2 Cr 2 O 7 mixture.
Individual measurements made on the two trap solutions showed that 95-100% of the Ru is recovered in the first trap solution, while the second trap solution recovered <1%. Making the use of the second trap was redundant. It was also found that temperature of 180°C was adequate for the 95-100% recovery of Ru, which is much lower than the 240°C reported by Terada et al. (1975) . Distillation time was also confirmed by distilling, at 180°C, a 10 ppm RuCl 2 solution, and measurement of the trap solution at certain time intervals. From this trial it was found that 40 minutes at 180°C was required for 95-96% recovery of Ru.
The final distillation procedure involved introduction of the sample solution into a 50 ml distillation flask with 1 g of K 2 Cr 2 O 7 and 15 g of CPA. Pure Ar is then introduced into the flask, and the flow rate adjusted to produce 3-4 bubbles per second in the trapping vessel, which contained a 1:1 mixture of HCl and ethanol. The distillation flask was then heated on a hotplate at ~180°C for 40 minutes, before the resultant trap solution was prepared for either ICP-MS or N-TIMS isotopic analysis.
Analytical procedures for geological samples
Terrestrial samples, mentioned previously, were used to confirm the effectiveness of the acid digestion and the recovery of Ru obtainable via the digestion/distillation combination. 0.01 g of powdered molybdenite and pentlandite and 0.1 g of the powdered peridotite samples were carefully weighed into 15 ml PFA screw top beakers (Savillex Co.). To this was added a 60 ppb 99 Ru enriched isotope solution in a HCl solution, for the determination of elemental abundance by isotope dilution mass spectrometry (IDMS). The isotopic composition of the spike commercially obtained from Oak Ridge National Laboratory is shown in Table 1 . 9 ml of aqua regia was then added to the sample/spike mixture (3:1 mix of HCl:HNO 3 ). Samples were then capped and left to heat at ~180°C overnight on a hotplate. Once dissolved, all samples were then evaporated to near dryness before being diluted with 4M HCl to reduce aqua regia concentration, as a large content of aqua regia during distillation reduces the effectiveness of the trapping solution. It was found that little Ru is lost during attack with aqua regia, because the Ru is converted to neutral and anionic complexes of nitrosyl ruthenium (RuNO 3+ ), rather than highly volatile ruthenium tetra-oxide, when Ru is exposed to aqua regia and then concentrated HCl (Lee et al., 2003) .
Diluted samples were then introduced into the distillation flask and underwent distillation as mentioned in the previous section. After distillation the trap was evaporated to 3 ml to remove ethanol from the solution, as ethanol interferes with sample injection into the ICP-MS. Samples were then diluted to 5 ml with 1M HCl for ICP-MS isotopic analysis. In the case of N-TIMS analysis, distilled samples were evaporated to incipit dryness. Samples were then diluted to 5 ml with 1M HCl before being evaporated to incipit dryness again. Complete procedural blank was 4 ± 2 pg, determined by IDMS via N-TIMS, as blanks were undetectable via ICP-MS. This is much lower than blanks reported for either nickel fire assay or sodium peroxide fusion digestion, which are generally a few ng (Lorand et al., 2000; Jackson et al., 1990; Pearson and Woodland, 2000) . Blanks are also more favorable than those reported for the Carius Tube method, which are typically a few tens of pg (Pearson and Woodland, 2000; Rehkämper and Halliday, 1997) . Additionally, this technique avoids many of the technical difficulties and dangers associated with the Carius tube technique.
Isotopic analysis was carried out on a VG Plasma Quad II (ICP-MS) and Finnigan Triton T1 (N-TIMS). In the case of ICP-MS analysis, all isotopes for Ru were determined, via ion counting, while interferences were monitored at mass numbers 90 and 91, for Zr, at mass numbers 95 and 97, for Mo, and at mass number 106, for Pd, which were the main isobaric interferences for ICP-MS analysis. Instrumental conditions of the ICP-MS for all measurements are shown in Table 2 . The sensitivity for ICP-MS analysis was 3000-3300 cps/ppb for 102 Ru isotope.
In the case of N-TIMS analysis, Pt filaments were prepared and degassed, by heating to red heat (~4.1A) under a HEPA filtered laminar air flow for 3 minutes, before the evaporated samples were transferred onto the degassed Pt filaments using 2 µl of high-purity 8M HCl. The samples were then dried on the filament before 1 µl of a 10,000 ppm high purity Ba(NO 3 ) 2 solution was evaporated to dryness on the dried sample residue. The Ba(NO 3 ) 2 solution used for all measurements was prepared and obtained from Spex CertiPrep, and was added to samples to reduce the work function of the Pt filaments and increase negative ion production (Heumann et al., 1995) . Total loading blanks were estimated to be 0.7 ± 0.2 pg. Measurements were carried out on 
RESULTS AND DISCUSSION
Trials using this method for the distillation of the Ru standard solution indicated 96~100% recoveries of Ru. Additional to recovery of Ru, a mixed Ru and Mo standard solution was run to check the separation of Ru from Mo, as Mo is the main isobaric interference on Ru with interfering species at mass numbers 96, 98 and 100. The mixed standard used consisted of a 1:100 mixture of a 100 ppb Ru AAS standard (5% ammonia solution, Cica Chem. Co.) and a 100 ppb Mo Standard Solution (5% ammonia solution, Kanto Chemical Co., Inc.). Results from the ICP-MS analysis of the distillate indicated that less than 0.01% of the Mo is transferred into the trap during distillation. This is an advantage over the microdistillation method, used for the separation of Os, as samples with high Mo content can also be effectively processed.
To check the consistency of this method, five ~0.1 g aliquots of the JP-1 peridotite, from a bulk homogenized crushed sample, were analyzed for Ru concentration. Table 3 shows that concentrations for all five dissolutions were the same, within analytical uncertainty, of 2.4 ± 0.2 ppb demonstrating the consistency of this method for geological materials. Though the concentration obtained is internally consistent, it is lower compared to the currently preferred value of 6.5 ppb (Imai et al., 1995) , but it should be noted that this value was derived from only two data sets (9.7 ppb and 3.3 ppb). A more recent work reported a concentration of 6.1 ppb (Shirai et al., 2003) , which lies between the two previous values, while Rehkämper et al. (1999) reported Ru concentrations ranging from 1.07 ppb up to 4.67 ppb in Horoman peridotites, which is the same sampling location as that of JP-1. These widely scattered concentrations determined for JP-1 make it difficult to decide which is the "true" Ru abundance for this reference rock. The most likely reason for the large discrepancy in the Ru abundance is heterogeneity in the JP-1 reference material. Such a conclusion can be reached from the chemical similarity of Ru and Os (Lee et al., 2003) , and previous reports of heterogeneity of Os content in JP-1 (Shirai et al., 2003; Suzuki and Tatsumi, 2001 ). As such it would be reasonable for the heterogeneity of the Os to also be seen for Ru.
Results from the analysis of Ru concentration of the remaining 10 terrestrial samples are shown in Table 4 . It should be noted that the concentration of Ru in the two molybdenite samples were determined via N-TIMS rather than ICP-MS, due to the low Ru content in these samples. The low Ru content in these samples also resulted in low beam intensities during analysis, resulting in higher analytical uncertainty, of ~20%, for these samples. Comparison of Ru concentrations determined here showed similar concentrations determined for spinel lherzolite from the Beni Bousera peridotite massif (6-7 ppb; Pearson and Woodland, 2000) and that determined in this study for the similar formation in the Hidaka metamorphic belt in Hokkaido (6.1 ± 0.3 ppb). Ru concentrations for the Italian Alps samples (3.3 ± 0.2 ppb) are also similar to results reported for lherzolites from Lanzo (Italy) (4.28-6.53 ppb; Lorand et al., 2000) . Though Ru concentrations for the Oeyama peridotites (3.8 ± 0.1 ppb) are also in the Samples derived from the Takashima and Kurose basaltic xenolith showed similar Ru concentrations (10.7 ± 0.8 ppb and 9.6 ± 0.1 ppb, respectively) as those obtained for dunites from the Vizcaino Peninsula (average ~7.5 ppb; Vatin-Perignon et al., 2000) . Previous measurements of PGE from the Takashima and Kurose basalts are not available for direct comparison. Concentrations determined for the South African kimberlite (11.1 ± 0.4 ppb) are higher than previous concentrations reported for kimberlites from various locations around South Africa (McDonald et al., 1994) , though the reported concentrations showed a wide scatter ranging from as low as 0.42 ppb up to 6 ppb. As such it would be reasonable for our result of 11.1 ± 0.4 ppb to be consistent with the heterogeneous nature of these kimberlites.
Currently there are no reported measurements of PGE in pentlandites for comparison with this work, though the concentrations were two to three orders of magnitude higher than peridotite samples. These results are consistent with the preferential incorporation of Ru into the sulphide matrix over the silicate melt, which would be consistent with the siderophilic nature of Ru.
The concentration determined here for the two molybdenite samples, 890 ± 180 ppt for Mt. Mulgine and 250 ± 50 ppt for Osbourne, are much lower than that for pentlandite, even though molybdenite is also a metallic sulphide, indicating selective exclusion of Ru from the molybdenite during crystallization. Molybdenite is known to exclude Os during formation, resulting in low to nonexistent natural Os content in molybdenites (Stein et al., 2001) . The low Ru concentration detected here is most probably due to similar exclusion of Ru, and possibly other PGE, during crystallization of the molybdenite, as Ru and Os share similar melt chemistry. The concentration obtained in this study is also significantly lower than a previous estimate of ~37 ppb (Takaoka, 1970) . This large difference in the Ru concentration indicates possible contamination problems with the previous work, which made use of nickel alkaline fusion for digestion of the molybdenite sample.
CONCLUSION
The results obtained from this work show that through the use of a preliminary acid digestion, CPA and K 2 Cr 2 O 7 can be extended to the processing of a large variety of geological samples. The concentration ranges obtained from these measurements also shows the effectiveness of this method for processing samples with both high (pentlandites) and low (molybdenites) Ru content. This technique has also been shown to be able to quantitatively extract small amounts of Ru from samples with large Mo content. Additionally, blanks for this technique, of 4 ± 2 pg, is much lower than blanks for fire assay and sodium peroxide fusion digestion, which is approximately an order of magnitude less than reported blanks for the Carius tube method, in addition to avoiding many of the technical difficulties and dangers of these techniques.
This technique also has the advantage over mircodistillation, as it separates Ru from Mo, removing the main isobaric interference on Ru isotopes, making this technique ideal for the chemical treatment of geological samples for the geochemical determination of the double beta decay half-life of 100 Mo. We have also been able to show here that a previous work on extraction of Ru from molybdenite via fire assay possibly suffered from contamination problems, due to the order of magnitude difference between the previous result (~37 ppb) and results presented here (250-890 ppt). Measurements of sulfide and silicates in this work also indicate the selective exclusion of Ru from not just silicate minerals, but also certain sulfide minerals (molybdenite), and reinforces the siderophile nature of Ru. Results from the measurement of multiple samples of the JP-1 reference mineral resulted in highly consistent values obtained for this batch of powdered sample, showing the high reproducibility of this technique. We also envision extending this chemical technique for the processing of meteorite samples for the isotopic study of Ru and molybdenite for the geochemical search for double beta decay products.
